Two experiments tested 1 aspect of L. Hasher and R. T. Zacks's (1988) reduced inhibition hypothesis, namely, that old age impairs the ability to suppress information in working memory that is no longer relevant. In Experiment 1, young and older adults were asked to recall lists of letters in the correct order. Half of the lists contained repeated items while half were control lists. Recall of nonadjacent repeated items was worse than that of control items. This Ranschburg effect was larger (i.e., greater response suppression) in older than in young adults. In Experiment 2, young and older adults were required either to recall the list or to report if there was a repeated item. Repetition detection was high and similar in the 2 age groups. When age differences in overall performance were taken into account, there was evidence of increased repetition inhibition with age in both experiments. Thus, contrary to the general reduced inhibition hypothesis, the specific process of response suppression during serial recall is not reduced by aging.
article is specifically to investigate whether the second inhibitory mechanism (i.e., the suppression of information no longer relevant) is affected by normal aging.
One measure of working memory capacity is provided by memory span, defined as the longest sequence of items that can be recalled in the correct order immediately after presentation on at least 50% of occasions. It is well established that there is a significant reduction in memory span with normal aging, which could be interpreted as consistent with a number of different theories of aging (see Maylor, Vousden, & Brown, 1999 , for a summary). The serial recall of sequences beyond span therefore becomes of interest because competing existing theories predict different patterns of errors. For example, increased cautiousness in old age (see Botwinick, 1966) could lead to greater numbers of omission errors (i.e., responses left blank). From Hasher and Zacks's (1988) reduced inhibition hypothesis, more intrusion errors (i.e., items recalled that were not presented in the sequence) might be expected as a result of either the failure to prevent the encoding of items from outside the sequence, the failure to prevent the recall of items from previous sequences, or indeed both. Maylor et al. (1999) provided a detailed analysis of error patterns in young and older adults from immediate serial recall of lists of seven different letters. Older adults made significantly more omission errors, movement errors (i.e., items recalled in the wrong order--also known as transpositions), and intrusion errors than young adults. Both intraexperiment intrusions (where the recalled item was 1 of 14 stimuli used in the experiment) and extraexperiment intrusions (where the recalled item was not a member of the experimental set of stimuli) increased with age. These intrusion error findings could be regarded as consistent with the reduced inhibition account.
Reduced efficiency of Hasher and Zacks's (1988) second inhibitory mechanism allows "irrelevant information to receive sustained activation" (p. 219) in working memory, thereby increasing competition at retrieval. We suggest that during serial recall, not only items from previous lists but also items already recalled from the current list are no longer relevant to the task of recalling the rest of the list and should therefore be inhibited. There is considerable evidence for the existence of such response suppression whereby once an action has been performed, it is then inhibited temporarily and hence unlikely to be performed again, at least in the immediate future. Empirical support for this short-lived postoutput inhibitory process comes from the study of errors from a range of serial behaviors such as typing (Rumelhart & Norman, 1982) , spelling (Houghton, Glasspool, & Shallice, 1994) , speech production (MacKay, 1987; Vousden, Brown, & Harley, 2000) , goal sequencing (Li, Lindenberger, Riinger, & Frensch, 2000) , and serial recall (Henson, 1998a; Henson, Norris, Page, & Baddeley, 1996) . In addition, successful computational models of serial behavior based on parallel activation of responses or "competitive queueing" have found it necessary to include a response suppression component in order to prevent perseverative responses and provide accurate fits to detailed patterns of human error data (e.g., Brown, Preece, & Hulme, 2000; Burgess & Hitch, 1996; T. Hartley& Houghton, 1996; Henson, 1998b; Houghton, 1994; Lewandowsky, 1999; Page & Norris, 1998; Vousden & Brown, 1998) .
One feature of serial-recall data that supports the existence of response suppression is the common finding that repetition errors (i.e., items erroneously recalled more than once) rarely occur (e.g., Henson et al., 1996) ; moreover, when an item is repeated, it is usually quite distant from its first recall position (Conrad, 1965) . Hasher and Zacks's (1988) reduced inhibition hypothesis would therefore predict an increase in repetition errors with aging because of the failure of postoutput response suppression (an inhibitory process) in preventing the re-recall of items from earlier in the current sequence. Although Maylor et al. (1999) did not report the numbers of repetition errors in their study, there was no significant difference between young (M = 2.2%) and older (M = 3.2%) adults, t(78) = -1.78, p > .05, contrary to the hypothesis of an age-related impairment in inhibitory mechanisms. Moreover, if response suppression was reduced or wore off more rapidly in old age, one would expect repetition errors to occur at smaller separations in older adults. In both age groups, however, such repetition errors occurred with average separations between repeated responses of 4.0 items, which is greater than the chance separation of 2.7 items (cf. Conrad, 1965) . Thus, the similarity between young and older adults' repetition data would appear to argue against an age difference in response suppression. Nonetheless, the low rates of repetition errors in both age groups render this age comparison somewhat insensitive as a test of an age deficit in response suppression.
Another feature of serial-recall data consistent with response suppression is generally impaired recall of repeated items in comparison with the recall of nonrepeated items (e.g., Crowder, 1968a ), a phenomenon known as the Ranschburg effect (Jahnke, 1969b) . In a recent series of experiments, Henson (1998a) developed new methodology and analysis for examining the effects of repeated items on serial recall. Lists with and without repetitions were presented to young adults for immediate serial recall. When the repeated items were adjacent, there was repetition facilitation, such that the recall of both items was superior to the recall of two nonrepeated items at the corresponding serial positions in control lists without repeated items (see also earlier observations by Crowder, 1968a; Lee, 1976b) . In contrast, when the repeated items were nonadjacent, there was repetition inhibition (i.e., the Ranschburg effect) such that recall of both items was now inferior to the recall of two nonrepeated items at the corresponding serial positions in control lists (see also Crowder, 1968a; Jahnke, 1969b) . Furthermore, repetition facilitation occurred under position scoring (where critical elements had to be recalled in their correct serial positions) but not under item scoring (where critical elements could be recalled anywhere), whereas repetition inhibition occurred under both position and item scoring.
Previous explanations for repetition facilitation included distinctiveness (Lee, 1976a ), chunking (Wickelgren, 1965 , and tagging (Lee, 1976b) , whereas explanations for repetition inhibition included output interference (Crowder, 1968b; Jahnke, 1969a) , proactive interference (Jahnke, 1972) , and guessing strategies (Hinrichs, Mewaldt, & Redding, 1973) . Henson concluded from his own experiments and previous results that explicit detection that a repetition had occurred is necessary for repetition facilitation, which is attributable to the tagging of immediate repetition, resulting in the superior positioning of repeated elements. A failure to detect or later remember the repetition, however, results in repetition inhibition, owing to the automatic process of response suppression that is necessary for serial recall (see above). This automatic suppression of previous responses can not only cause failure to retrieve an item more than once, but it can also prevent previous responses from coming to mind should one decide to guess.
Note that repetition inhibition is distinct from the similar phenomenon of repetition blindness. Repetition blindness refers to the inability to detect repetitions in rapid serial visual presentation (<100 ms per item). Although some have argued that repetition blindness, which is sometimes indexed by serial recall, is in fact a memory or output effect like the Ranschburg effect (e.g., Armstrong & Mewhort, 1995; Fagot & Pashler, 1995) , others have argued that repetition blindness is a separate encoding or input effect (e.g., Kanwisher, Kim, & Wickens, 1996; Luo & Caramazza, 1995) . What is clear however is that repetition inhibition does not reflect an input problem like repetition blindness, because repetition inhibition occurs with much slower presentation rates (>500 ms per item), when each item is successfully vocalized during presentation (Henson, 1998a) and when people are explicitly reminded of the repetition before recall (Jahnke, 1969b) . The Ranschburg effect would therefore appear to provide a suitable test for an age deficit in the specific inhibitory mechanism thought to be essential for the control of serial behavior, namely, response suppression. The prediction of Hasher and Zacks's (1988) reduced inhibition hypothesis is actually that older people will be better able to recall repeated items, relative to nonrepeated items, than young people (i.e., that older people will show a smaller repetition inhibition effect). We therefore conducted two experiments using Henson's (1998a) methodology to investigate repetition facilitation and inhibition in young and older adults. Although overall serial-recall performance was expected to decline with age (cf. Maylor et al., 1999) , we predicted that repetition inhibition (the Ranschburg effect) would be significantly smaller in older than in young adults. To anticipate, Experiment 1 showed a significant age difference in the Ranschburg effect but in the opposite direction to our prediction. Experiment 2 was therefore conducted to explore the possible role of age differences in repetition detection in accounting for the unexpected results of Experiment 1.
Experiment 1
Experiment 1 was adapted from the ungrouped condition of Henson's (1998a) first experiment, which measured repetition facilitation and inhibition within the same participants by manipulating the separation between repeated elements. Henson aimed to achieve overall performance levels of approximately 70% by visually presenting six-item lists of nonphonologically confusable consonants followed by three digits, all of which were vocalized by participants as they were presented. Forward written recall of the consonants was required immediately after presentation of the third digit. For group testing purposes, we removed the distractor digits and the requirement to vocalize the stimuli. To maintain overall performance at an appropriate level, we used six-item lists of phonologically confusable consonants as the stimuli (see, e.g., Baddeley, 1966, and Conrad & Hull, 1964) . In addition, with older participants in mind, the rate of presentation was reduced from Henson's two items per second to one item per second.
Me~od
Participants. There were 36 young participants (24 females, 12 males) and 37 older participants (19 females, 18 males). The young participants were aged between 16 and 25 years (M = 20) and were either undergraduate students at the University of Warwick or teenagers studying psychology at a local school. The older participants were recruited through local newspaper articles asking for volunteers to take part in a study of memory and aging and were aged between 64 and 84 years (M = 72). They were required to make their own travel arrangements to attend a testing session at the University of Warwick, which is a campus university located some miles from the nearest city. It is therefore likely that the older participants were relatively able and active for their age. Older participants each received 5 U.K. pounds as a contribution toward their travel expenses. Table 1 (Experiment 1 data) summarizes background information for the two age groups. The vocabulary measure was from the first part of the Mill Hill Vocabulary Test (Raven, Raven, & Court, 1988) , which requires participants to select the best synonym for a target word from a set of six alternatives. Speed was measured by the Digit Symbol Substitution Test of the Wechsler Adult Intelligence Scale-Revised (Wechsler, 1981) . Self-rated measures of participants' current state of health, eyesight (with glasses, if worn), and hearing (with aids, if worn) were also obtained.
It can seen from the t tests in the final column of Table 1 (Experiment 1 data) that speed was significantly greater in the young group than in the older group whereas the reverse was the case for vocabulary. This pattern of age-related decline in speed, but growth in vocabulary, is typical in the aging literature (cf. Horn & Cattell, 1967; Salthouse, 1991 Salthouse, , 1992 . Selfratings were generally high, with averages equivalent to ratings of good. The two age groups did not differ in terms of self-rated health or eyesight. However, for self-rated hearing, the young group gave significantly higher ratings than the older group.
Stimuli. The phonologically confusable consonants B, D, G, P, T, V were used to generate 56 lists of 6 items. Half of the lists were repetition lists and contained one repeated item. The remaining control lists contained all 6 items. The positions of the repeated items in the repetition lists varied across lists in eight different formats, with repeated elements between one and four positions apart (see Table 2 ). There were 8 practice lists and 48 experimental lists, divided into 2 blocks of 24 lists. Over the 48 experimental lists, each item was repeated equally often and occurred approximately equally often at each position. The practice block and each experimental block contained equal numbers of control and repetition lists; the order of lists was pseudorandomized with the constraint that two consecutive lists contained neither the same repetition format nor the repetition of the same item. Note. In Experiment 1, n = 36 in the young age group and n = 37 in the older age group. In Experiment 2, n = 30 in the young age group and n = 29 in the older age group. a Part 1 of the Mill Hill Vocabulary Test (Raven, Raven, & Court, 1988) ; maximum score = 33. b Digit Symbol Substitution Test from the Wechsler Adult Intelligence Scale-Revised (Wechsler, 1981) . c Self-rated on a 5-point scale (1 = very poor, 2 = poor, 3 = fair, 4 = good, 5 = very good) , d Young: n = 28. ~ Young: n = 24. Procedure. Participants were seated at individual desks in a small laboratory and tested in groups of up to 10 people. Those with either poor eyesight or poor hearing were encouraged to sit at the front of the room. Young and older participants were tested in separate sessions.
In each session, young participants in'st completed the Mill Hill and Digit Symbol tests before performing a time estimation task (McCormack, Brown, Maylor, Darby, & Green, 1999) followed by the present task. Older participants had already completed the Mill Hill and Digit Symbol tests in earlier sessions, and therefore they performed tasks of a similar nature and duration (Daxby & Maylor, 1998) prior to the time estimation and present tasks. All sessions lasted approximately 1.5 hr.
For the present task, participants were instructed that they would be presented with lists of letters one at a time and that their task was to try and remember each list in order to recall it on the response sheet. It was emphasized that recall should not commence until the end of the list and that it was important to recall the letters in the correct order. Participants were required to write down their responses in the appropriate boxes in a strict left-to-right order, and compliance with this instruction was monitored by the experimenter. If unable to recall an item, participants were asked to draw a line through the relevant box.
Participants were informed of the six letters that were used in the experiment. They were also alerted to the fact that some lists contained repetitions.
The experimenter announced each trial number followed after approximately 2 s by the sequence of letters at a rate of one item per second. The presentation of each sequence of letters on the computer screen was initiated by the experimenter who pressed a key on the computer. The next trial was announced when everyone was ready to proceed so long as at least t0 s had elapsed since the end of the previous trial. In fact, this intertrial interval was usually between 10 s and 20 s. There were 8 practice trials and 48 experimental trials, with a short rest period after 24 experimental trials.
Results
Unless otherwise stated, all effects are significant at p < .05 or less.
Overall performance. First, collapsing across control and repetition lists, the percentages of items that were recalled in their correct positions (correct-in-position recall) are shown in Table 3 (Experiment 1 data). It is clear that the young group performed better than the older group at all serial positions. Both age groups showed the expected effects of serial position with visual presentation, namely, large primacy effects but small last-item recency effects. Age differences increased from early to late serial positions.
These observations were confirmed by an analysis of variance (ANOVA) with age group (young and older) as the between-subjects variable and serial position (1-6) as the within-subjects variable) There were significant effects of age Errors were classified as movements, omissions, or intrusions in terms of participants' output as follows: A movement error was recorded whenever a list item was recalled in an incorrect position within a list. An omission error was recorded whenever there was a line drawn through a box at recall. An intrusion error was recorded whenever an extra-list item was recalled. 2 The overall percentages of movements, omissions, and intrusions were, respectively, 21.5, 3.8, and 1.8, for young participants, and 34.4, 11.5, and 3.0, for older participants. Thus, consistent with our previous work , the majority of errors in both age groups were order rather than item errors, and the largest relative increase in errors with age was for omissions. Older participants made significantly more of each type of error than young participants It(71) = 4.64, 2.96, and 3.38, for movements, omissions, and intrusions, respectively]. The dependent measure was the conjoint probability of recalling both repeated elements in repetition lists or both corresponding control elements in control lists (Lee, 1976b) . Correct recall was defined by both item-scoring and position-given-item-scoring criteria. Under item scoring, critical elements could be recalled anywhere in a participant's report; under position-given-item scoring, critical elements had to be recalled in their correct positions, given that they were recalled somewhere. The conditional nature of the latter makes the two scoring criteria independent, and it allows one to distinguish, for example, age effects in retrieval of item information from age effects in retrieval of position information. The data were collapsed across repetition formats with the same repetition separation.
The probabilities for the control conditions were analyzed in two ways, which we term multiple-and single-control sampling. For multiple-control sampling, each control list was used as a comparison for all eight repetition formats. The greater sample size for each control format therefore provided stable and sensitive baselines from which to assess Ranschburg effects. However, because some serial positions were common to different repetition separations (see Table 2 ), the examination of effects and interactions involving separation as a factor violates the independence assumption of ANOVA. For single-control sampling, each control list was assigned randomly to only one repetition format. ANOVAs based on single-control scoring did not therefore violate the independence assumption. However, because the singlecontrol data were inevitably more noisy, the ANOVAs were less sensitive to the important effects of age group and list type. Moreover, greater numbers of participants were lost because of missing data in the analysis of conditional probabilities. We therefore focus on the presentation of results from the more sensitive multiple-control sampling procedure. Differences between the results based on multiple-and single-control sampling are described at the end of the Results section, but it can be noted here that, with just one exception in Experiment 2, all the effects and interactions involving repetition separation were consistent across the two sampling procedures.
Item scoring. The probabilities of recalling both critical elements in repeated and control lists anywhere in recall (i.e., regardless of correct position) are shown in Table 4 for young and older participants as a function of repetition separation. As expected from the effect of age on overall performance, recall was higher for the young group than for the older group in all cases. In agreement with Henson (1998a) , there was no evidence of either repetition facilitation (i.e., repeated greater than control) or repetition inhibition (i.e., repeated less than control) for adjacent repetitions (separation = 1) under item scoring, but there was substantial repetition inhibition for larger separations (2, 3, and 4), which appeared greater in the older group than in the young group.
An ANOVA was conducted on these data with age group (young and older) as the between-subjects variable, and list type (repetition and control) and repeti/fion separation (1-4) as withinsubjects variables. There were significant effects of age group, F(1, 71) = 31.55, MSE = 0.19, list type, F(1, 71) = 141.69, MSE = 0.03, and separation, F(3, 213) = 52.32, MSE = 0.02. There was a significant interaction between list type and separation, F(3, 213) = 25.50, MSE = 0.02. In addition, the interaction between age group and list type was significant, F(1, 71) = 5.05. The remaining interactions were not significant (all Fs < 1.35).
The mean within-subject differences between repetition and control conditions, or "delta values" (Henson, 1998a) , are plotted as a function of repetition separation in Figure 1 . The interaction between list type and separation is evident in the change in delta across repetition separations, increasing from Separations 1 to 3 and decreasing from Separations 3 to 4. Repetition inhibition was consistently greater in the older group than in the young group, as indicated by the Age Group × List Type interaction.
A possible explanation for the increase in repetition inhibition with age is that the magnitude of the Ranschburg effect, which is measured by the difference between two conditions, may be sensitive to levels of overall performance because of either ceiling or floor effects (see Jahnke, 1969b) . Note that in the present case, 3 It could be argued that if participants were simply guessing items randomly from the experimental set, they would be more likely to be correct for control lists than for repeated lists under modified control scoring. We therefore also analyzed the control lists with 123456 and 124356 scored as correct but 123356 and 124456 scored as incorrect. The Ranschburg effect was slightly reduced in this case; however, there was no effect on the pattern of significant results and, most importantly, the reductions were comparable for young and older participants (0.04 and 0.05, respectively). some young participants were at, or near to, ceiling in some conditions (see Table 4 ). We addressed the possible confounding influence of age differences in control performance in two ways. First, we deleted the most successful young participants and the least successful older participants until a close match was achieved across age groups in terms of the recall of critical elements in control lists. After the removal of 11 young participants and 12 older participants (leaving 25 in each age group), the mean levels of control performance were 0.80 (young) and 0.79 (older), which did not differ significantly, t(48) = 0.41. The ANOVA results were all as before, including a significant Age Group × List Type interaction, F(1, 48) = 7.98, MSE = 0.02. Thus, despite having matched the two age groups in terms of performance on control lists, older participants still displayed a significantly greater Ranschburg effect than young participants.'* Our second method of taking age differences in control performance into account was to conduct a multiple regression analysis in which the predicted variable was the recall of critical elements in repetition lists (averaged across Separations 1-4), and the predictor variables were the recall of critical elements in control lists (again averaged across Separations 1-4) and the exact age of participants. There were significant independent contributions to the variance from both control performance and age (t = 8.90 and -2.93, respectively). 5 The influence of age over and above the influence of control performance indicates that the recall of repeated elements in older adults is worse than would be predicted on the basis of their recall of control elements. This analysis, which includes all participants, further supports the conclusion that the Ranschburg effect increases with age.
Position-given-item scoring. The probabilities of recalling both critical elements in repeated and control lists in their correct positions (i.e., position scoring) were divided by the probabilities of recalling beth critical elements in repeated and control lists anywhere in recall (i.e., item scoring). These are the conditional probabilities of recalling elements in their correct positions, given that they were recalled somewhere (i.e., position correct given item correc0. This conditional score is independent of any differences under item scoring. The means are presented in Table 5 for each age group as a function of repetition separation. Two young and 11 older participants were excluded because of zero recall under item scoring in at least one condition. Again, recall was higher for the young group than for the older group in all cases. For adjacent repetitions (separation = 1), Delta values under position-given-item scoring have been plotted in Figure 2 as a function of repetition separation. Clearly, repetition facilitation was greatest for adjacent repetitions. The three-way interaction was not significant, F(3, 174) = 1.02, indicating that the apparent increase in repetition facilitation with age at a separation of 1 was not reliable. It should also be noted that young participants were close to ceiling for adjacent repetitions (see Table 5 ); therefore their repetition facilitation was probably somewhat reduced as a consequence. We again addressed this issue by re-analyzing the data for separation = 1 in two ways: (a) by deleting participants to match age groups on control performance, and (b) by conducting a multiple regression analysis, with recall of repeated elements as the predicted variable, In both cases, there was evidence of slightly greater repetition facilitation for young than for older participants, but in neither case did the age difference reach significance.
Single-control sampling. For item scoring, the ANOVA resuits for single-control sampling were the same as for multiplecontrol sampling except that the Age Group × List Type interaction was not significant, F(1, 71) = 1.31, MSE = 0.04, p > .1, However, the trend was in the same direction as before (i.e., greater repetition inhibition for the older group than for the young 4 Note that this matching procedure also resulted in similar omission rates for young (5.1%) and older (3.4%) participants, t(48) = 0.95, thereby ruling out explanations based on age differences in overall numbers of responses produced.
5 Similar results were obtained when age group, rather than exact age, was entered in the regression analysis. group), and there were significant independent contributions to the variance in repetition performance from both control performance and age (t = 7.98 and -2.35, respectively) in a multiple regression analysis (see Footnote 5). For position-given-item scoring, the ANOVA results for single-control sampling were the same as for multiple-control sampling.
Discussion
To summarize the results, overall correct performance was as expected for the serial recall of sequences presented visually, with large primacy and small recency effects evident in both age groups. Older adults made more movement, omission, and intrusion errors than young adults, the largest relative increase being for omissions (see Maylor et al., 1999 , for similar results). Despite a number of methodological changes (e.g., phonologically confusable items and a slower rate of presentation), the effects of repetition generally replicated those observed by Henson (1998a) . Thus, there was repetition inhibition for nonadjacent repeated items and repetition facilitation for adjacent repeated items. Repetition inhibition was apparent in the inferior recall of repeated elements anywhere, most probably the result of the failure to recall a repeated item more than once. Repetition facilitation was evident in terms of the superior positioning of adjacent repeated elements (see Henson, 1998a , for further discussion). Although there was an overall age deficit in correctly positioning items that had been successfully recalled, we failed to find an age effect on repetition facilitation. This suggests that any mechanism responsible for the special case of immediate repetition, such as the notion of repetition tags Henson, 1998a) , is unaffected by aging.
Contrary to our main prediction, however, based on the Hasher and Zacks's (1988) reduced inhibition hypothesis, the significant age effect we did find for repetition inhibition was such that the Ranschburg effect was actually greater in older adults than in young adults. Even after equating levels of control performance by removing a subset of participants from each age group, this agerelated increase in the Ranschburg effect remained significant. Multiple regression analysis based on all participants converged on the same conclusion. One possible explanation for this result is in terms of an age deficit in detecting and remembering that there was a repetition in the list. As argued by Henson (1998a) , the explicit detection of a repetition is necessary (though not sufficient) for preventing repetition irdpibition. (Note that although participants invariably encode both occurrences of repeated items, they do not always notice that an item has been repeated.) The reduced ability to detect repetition with increasing separation between repeated elements (Lee, 1976b) can explain the increase in repetition inhibition across Separations 2-3. The decrease in repetition inhibition from Separations 3 -4 may reflect the transient nature of response suppression, wearing off over time (or the fact that repetition formats with a separation of four included items in either the first or last position, the salience of which may have improved repetition detection, though see Experiment 2.) Experiment 2 was therefore designed partly to replicate Experiment 1, but mainly to investigate the possibility of an age deficit in repetition detection. Figure 2 . Mean differences between the probability of correct recall of critical elements in repeated and control lists (delta values) for positiongiven-item scoring (i.e., the conditional probability of recalling elements in their correct positions, given that they were recalled somewhere) in Experiment 1. Error bars are ___ 1 SE of the difference.
Experiment 2
Participants in this experiment performed one of two tasks on each trial. They either performed serial recall, as in Experiment 1, or performed a repetition detection task. In the latter task, they were asked to simply write down any repeated letters they had noticed. The order of tasks was pseudorandomized and was only indicated to participants at the end of each list by a postlist cue. Data from the serial-recall task provided another opportunity to examine age-related differences in the effects of repetition. For the repetition detection task, our predictions were that repetition detection would decline with increasing separation and that young adults would be more successful in this task than older adults.
Method
Participants. Sixty-three new participants were recruited for this experiment. The data from 1 young participant and 3 older participants were not analyzed because of failures to follow the task instructions correctly, leaving 30 young participants (19 females, 11 males) and 29 older participants (17 females, 12 males). The young participants were undergraduate psychology students at the University of Warwick and were aged between 18 and 20 years (M = 19). Their participation in the experiment was a course requirement. The older participants were aged between 50 and 81 years (M = 66); they were recruited and reimbursed in the same way as in Experiment 1.
Background information for the two age groups is summarized in Table 1 (Experiment 2 data). As expected (and as in Experiment 1), the young group was significantly faster in the Digit Symbol Substitution Test but significantly poorer in the vocabulary test than the older group. Whereas the two age groups in Experiment 1 differed significantly in terms of self-rated heating, the only significant difference for self-ratings m Experiment 2 was for self-rated vision, with the young group giving higher ratings than the older group. However, note that self-ratings of health, eyesight, and hearing were again generally high, with averages equivalent to ratings of good.
Stimuli and apparatus. These were all identical to those used in Experiment 1. In addition, half of the 8 practice lists (2 control and 2 repetition lists) and half of the lists in each of the 2 blocks of 24 experimental lists (6 control and 6 repetition lists) were assigned to the repetition detection task while the remaining half were assigned to the serial-recall task. Task order was pseudorandomized such that there were never more than 3 consecutive lists of the same task (repetition detection or serial recall); this procedure resulted in the first set of list-to-task assignments. A second set of assignments was produced from the first se t by changing repetition detection lists to serial recall lists, and vice versa. Approximately half of the participants in each age group received the first set of list assignments, whereas the other half received the second set. " Because there were three lists of each type of repetition format (see Table 2 ), it was obviously not possible to assign equal numbers of each type to the repetition detection and serial-recall tasks within one set of lists. Therefore for the first set of stimuli, two of the three lists for the first, third, sixth, and eighth types of repetition format were assigned to the repetition detection task, with the remaining list assigned to the serial-recaU task (and vice versa for the second, fourth, fifth, and seventh types of repetition format). With task assignment completely reversed for the second set of stimuli, this ensured that, overall, there were equal numbers of each type of repetition format assigned to the repetition detection and serial-recall tasks.
Procedure. This was identical to that of Experiment 1 except for the following changes. In each session, young participants first completed the Mill Hill and Digit Symbol tests before performing the present task. Older participants performed a problem-solving test (AH4; Heim, 1968) , the Digit Symbol test, the present task, and finally the Mill Hill test. Sessions lasted approximately 1 hr for young participants and 1.5 hr for older participants.
In addition to the instructions for serial recall (see Experiment I), participants were also told that presentation of some of the lists would be immediately followed by "Repeated item. ~'' spoken by the experimenter. This was the postlist cue to indicate that instead of the usual serial-recall task, participants were simply required to decide whether or not the list contained a repeated letter and, if so, to identify the letter. On such occasions, participants were asked to write the letter in the first of the six boxes on the response sheet or to draw a line through the first box if their response was that there was no repetition in the list. Repetition detection performance. For the repetition detection task, the data were analyzed separately for repetition and control lists. First, for repetition lists, the percentages of repeated items that were detected and correctly identified were analyzed as a function of repetition separation collapsed across the two repetition formats for each separation (see Table 2 ). The means are presented for each age group in Table 6 . It can be seen that performance was relatively high, with overall means of 83% (young) and 81% (older). Performance gradually declined with increasing separation (86%, 84%, 82%, and 76%, for Separations 1-4, respectively). Because performance was near ceiling in some conditions, an empirical log-odds transformation (see Cox & Snell, 1989 , and Appendix of Henson, 1999) was applied to the data before conducting an ANOVA with age group (young and older) as the between-subjects variable, and repetition separation (1-4) as the within-subjects variable. 6 There was no effect of age group, F < 1, but there was a significant effect of separation, F(3, 171) = 2.89, MSE = 0.65. The interaction between age and separation approached significance, F(3, 171) = 2.35, p = .08. Separate comparisons between the two age groups at each separation revealed only a marginal difference at a separation of l, t(57) = 1.66, p = .10. Second, the mean percentages of control lists for which participants erroneously detected a repeated item were very low at 4.4% (SD = 3.1) for young adults and 4.6% (SD = 2.9) for older adults. These false-alarm rates did not differ significantly, t(57) = -0.15.
Results
Serial recall: Overall performance. Correct-in-position recall, collapsed across control and repetition lists, is shown in Table 3 (Experiment 2 data). As before, the young group performed better than the older group, particularly in the later serial positions. Large primacy effects and last-item recency effects were evident for both age groups. The ANOVA revealed significant effects of age group, F(1, 57) = 18.66, MSE = 1551.87, and serial position, F(5, 285) = 90.71, MSE = 114.11. However, in this case, the interaction between age group and serial position failed to reach significance, F(5, 355) = 1.23.
We first present the results from the repetition detection task and then the results from the serial-recall task. All the analyses for the serial-recall task were conducted as before, although it should be remembered that there were half as many serial-recall lists for each participant in Experiment 2 as in Experiment 1.
Errors were again classified as movements, omissions, or intrusions in terms of participants' output. 7 The overall percentages of movements, omissions, and intrusions were, respectively, 29.1, 3.2, and 3.0, for young participants, and 32.4, 18.2, and 2.8, for older participants. Therefore, as before, the majority of errors in both age groups were order rather than item errors, and the most striking effect of age was the increase in omission errors. In this experiment, only the age increase in omissions reached significance [t(57) = 0.94, 4.72, and -0.50, for movements, omissions, and intrusions, respectively].
Ranschburg effects. Modified control scoring was again adopted to examine the probability of recalling both repeated elements in repetition lists or both corresponding control elements in control lists. As before, we focus on results based on multiplecontrol sampling (where each control list was used as a comparison for each repetition format); differences between multiple-and single-control sampling are noted at the end of the Results section. As before, data were collapsed across repetition format and analyzed under both item scoring (correct positioning of critical elements not required) and position scoring (correct positioning of critical elements required).
Item scoring. Table 7 shows the probabilities of recalling both critical elements in repeated and control lists anywhere in recall (i.e., regardless of correct position) for young and older participants as a function of repetition separation. Recall was higher for the young group than for the older group. There was no evidence of repetition facilitation for adjacent repetitions (separation = 1). At Separations 2-4, there was repetition inhibition (i.e., repeated less than control), which appeared greater in the young group than in the older group at a separation of 2 and greater in the older group than in the young group at separations of 3 and 4.
An ANOVA was conducted on these data with age group (young and older) as the between-subjects variable, and list type (repetition and control) and repetition separation (1-4) as withinsubjects variables. This revealed significant effects of age group, F(1, 57) = 19.12, MSE = 0.19, list type, F(1, 57) = 27.78, MSE = 0.10, and separation, F(3, 171) = 11.33, MSE = 0.04. There was a significant interaction between list type and separation, F(3, 171) = 6.53, MSE = 0.03. In contrast to Experiment 1, the interaction between age group and list type was not significant (F < 1). The remaining interactions were not significant (F = 1.52 forAge × Separation; F = 2.15,p = 0.10, forAge × List Type × Separation). Delta values (repeated minus control) can be seen in Figure 3 as a function of repetition separation. As in Figure 1 , the interaction between list type and separation is evident in the increase in response inhibition from Separations 1 to 3 and decrease from Separations 3 to 4. In this case, repetition inhibition did not differ significantly between the two age groups, as indicated by the absence of any significant interactions involving age group (but note the presence of a marginal three-way interaction). Comparing  Figures 1 and 3 , however, it would appear that there were similar age increases in repetition inhibition across the two experiments, at least for Separations 3 and 4. Again, we addressed the possible confounding influence of age differences in overall performance first by deleting the most successful young participants and the least successful older participants to match the age groups on their recall of critical elements in control lists. This was achieved by the removal of 8 young participants and 7 older participants. Mean levels of control performance for the remaining 22 participants in each age group were 0.79 (young) and 0.77 (older), and these did not differ significantly, t(42) = 0.44. The ANOVA results were all as before except that the Age Group × List Type interaction now approached significance, F(1, 42) = 3.15, p = 0.08, indicating a trend for a greater Ranschburg effect for older than for young participants.
Second, a multiple regression analysis was conducted in which the predicted variable was the recall of critical elements in repetition lists (averaged across Separations 1-4), and the predictor variables were the recall of critical elements in control lists (again averaged across Separations 1-4) and the exact age of participants. There were significant independent contributions to the variance from both control performance and age (t = 2.27 and -3.13, respectively; see Footnote 5). This significant influence of age over and above the influence of control performance replicates Experiment 1 in showing that the recall of repeated elements in older adults is worse than would be predicted on the basis of their 7 All the extra-list intrusions came from the experimental set of six items for both age groups. recall of control elements (i.e., an increased Ranschburg effect with age).
Position-given-item scoring. Table 8 shows the conditional probabilities of recalling elements in their correct positions, given that they were recalled somewhere (i.e., position correct given item correct). As before, these were calculated by dividing the probabilities of recalling both critical elements in repeated and control lists in their correct positions (i.e., position scoring) by the probabilities of recalling both critical elements in repeated and control lists anywhere in recall (i.e., item scoring). Six young and 9 older participants were excluded because of missing data. Again, recall was higher for the young group than for the older group. In both age groups, there was evidence of repetition facilitation (i.e., repeated greater than control) at all separations, but particularly for adjacent repetitions.
An ANOVA revealed significant effects of age group, F(1, 42) = 6.94, MSE = 0.27, list type, F(1, 42) = 52.29, MSE = 0.06, and separation, F(3, 126) = 8.26, MSE = 0.07. The only significant interaction was between list type and separation, F(3, 126) = 2.88, MSE = 0.07, with all remaining Fs < 1. Figure 4 shows delta values as a function of repetition separation. As in Figure 2 , adjacent repetitions produced the greatest repetition facilitation. The absence of any interactions involving age group indicates that the tendency for greater repetition facilitation at Separations 1-3 for older than for young adults was not reliable. As before, to examine the possible confounding influence of age differences in overall levels of performance on repetition facilitation at a separation of 1, we (a) matched age groups on control performance by deleting participants, and (b) conducted a multiple regression analysis. Again, repetition facilitation was now numerically greater for young than for older participants, but in both cases the age difference was not significant.
Single-control sampling. For item scoring, the ANOVA resuits for single-control sampling were the same as for multiplecontrol sampling. For position-given-item scoring, a further 5 participants (1 young, 4 older) were lost because of missing data; the ANOVA results were as before except that the List Type × Separation interaction was now only marginally significant, F(3, 111) = 2.11, MSE = 0.09, p = .1. Repetition facilitation was 0.34, 0.12, 0.26, and 0.18 for Separations 1-4, respectively.
Discussion
In summary, serial-recall performance generally replicated both Experiment 1 and Maylor et al. (1999) in showing the usual primacy and recency effects in both age groups, with an age deficit largely attributable to an increase in omission errors. As in Experiment 1, there was repetition inhibition for nonadjacent repeated elements under item scoring and repetition facilitation for adjacent repetitions in terms of the superior positioning of repeated elements. 8 Repetition detection performance generally replicated that in Experiments 2A and 2B of Henson (1998a) , in that participants correctly detected most repetitions (82%), with a false-alarm rate of only 4%, and repetition detection declined with increasing repetition separation. The latter may explain why repetition inhibition increased across Separations 2-3, and it suggests that the decrease from Separation 3 to 4 reflects declining response suppression (though see Henson, 1998a , for other factors).
Apart from a trend for worse detection at Separation 1, we failed to find any general age deficit in detecting repetitions. Such an age-related deficit in detecting repetitions was suggested earlier as a possible explanation for the unexpected increase with age in the Ranschburg effect in Experiment 1. The absence of a significant overall age difference in repetition detection would suggest otherwise. Nonetheless, it should be acknowledged that this null age result for repetition detection was observed in the context of an experiment in which there was somewhat weaker evidence of an age increase in the Ranschburg effect.
Repetition inhibition did not differ significantly between young and older participants for the full sample, contrary to Experiment 1, although there was a trend for an increase with age after Figure 4 . Mean differences between the probability of correct recall of critical elements in repeated and control lists (delta values) for positiongiven-item scoring (i.e., the conditional probability of recalling elements in their correct positions, given that they were recalled somewhere) in Experiment 2. Error bars are ___ 1 SE of the difference.
8 Trends in both experiments for more repetition facilitation at a separation of 3 than at a separation of 2 may reflect spontaneous grouping of the lists into threes (a common strategy in immediate serial recall), which has been shown to improve the recall of repeated items at the same withingroup position (Henson, 1998a) . matching groups for overall levels of control performance, and there was a significant independent effect of age in the multiple regression analysis. It should be remembered that there were half as many serial-recall trials per participant in Experiment 2 as in Experiment 1, which may account for this somewhat weaker effect of age on repetition inhibition.
General Discussion
Our main aim in this study was to investigate the effect of age on one of the two inhibitory mechanisms thought to be responsible for adult age differences in working memory capacity as proposed by Hasher and Zacks (1988) , namely, the ability to prevent informarion from remaining in working memory when no longer relevant. Evidence for the existence of such an inhibitory mechanism comes, for example, from serial-recall data in which repetition errors are relatively infrequent and widely separated (e.g., Conrad, 1965; Henson et al., 1996) , from the success of many current models of short-term memory that incorporate a postoutput response suppression mechanism for serial recall (e.g., Brown et al., 2000; Burgess & Hitch, 1996; T. Harfley & Houghton, 1996; Henson, 1998b; Houghton, 1994; Lewandowsky, 1999; Page & Norris, 1998; Vousden & Brown, 1998) , and from studies of the Ranschburg effect (e.g., Henson, 1998a; Jahnke, 1969a Jahnke, , 1969b Jahnke & Bower, 1986) . However, we found no evidence for an age deficit in this specific suppression mechanism in the present study, as indexed by a reduced Ranschburg effect. Indeed, we found evidence for a greater Ranschburg effect in older adults.
Preliminary evidence against an age-related deficit in response suppression comes from the absence of age differences in the numbers of, and distances between, repetition errors in data from an earlier study . In the present experiments, the numbers of responses that were repetition errors were also similar across age groups (12.4% and 12.2% for young and older groups, respectively, in Experiment 1; 11.8% and 8.5% in Experiment 2), and they occurred with similar average separations between repeated responses in the two age groups (2.76 and 2.74 items for young and older groups, respectively, in Experiment 1; 2.76 and 2.71 items in Experiment 2; chance separation with six-item lists = 2.33). However, the present Ranschbnrg effects provide a further, more sensitive, test of the reduced response suppression hypothesis. Repetition inhibition (i.e., the lower probability of recalling two repeated elements in comparison with the probability of recalling two control elements) is assumed to reflect the automatic suppression of previous responses, which prevents repeated items from being retrieved more than once. Response suppression may also lead to an unavailability of suppressed items that causes a bias against repeated items coming to mind when one decides to guess (Henson, 1998a) . Contrary to prediction, there was a significant increase, rather than decrease, in repetition inhibition with age in Experiment 1. Because repetition inhibition can be overcome if repetition is explicitly remembered, it was suggested that this unexpected result could be explained in terms of an age deficit in repetition detection. However, the results of the repetition detection task in Experiment 2, in which young and older adults performed equally well, argue against this possibility.
An alternative explanation for the observed increase in the Ranschburg effect with age is that, despite instructions, older adults may have been slower to appreciate that some of the lists contained repeated items. This would have resulted in a stronger conscious bias against guessing repeated items than would otherwise have been the case (see Hinrichs et al., 1973) . This possibility seems unlikely, however, for two reasons. First, the two age groups were similar in terms of numbers of erroneous repetitions (particularly in Experiment 1 where there was stronger evidence for an increase in the Ranschburg effect with age), which suggests that the age groups did not differ in their willingness to include repetitions in their responses. Second, the age difference in the Ranschburg effect in Experiment 1 was identical in the first and second blocks of 24 trials, with M delta values of -0.13 (young) and -0.21 (older) in the first block, and -0.12 (young) and -0.20 (older) in the second block: This also argues against an account of repetition inhibition in terms of proactive interference (Jahnke, 1972) , to which older adults may be more susceptible (e.g., Kliegl & Lindenberger, 1993; Schonfield & Davidson, 1983) .
Once the older adults had recalled repeated items somewhere, we found no evidence that they were worse at positioning them relative to control items than were young adults (i.e., repetition facilitation was unaffected by aging). 9 However, in both experiments, the older adults were worse than the young adults at positioning both repeated and control items, given that they recalled them somewhere. This result is consistent with our earlier conclusion that age deficits in serial recall can be explained largely in terms of the decline in the temporal distinctiveness of items in memory .
Although the age-related increase in the Ranschbnrg effect remains a puzzle (we feel it premature to offer an explanation here), it is certainly clear from the present experiments that there is no support for reduced response suppression with aging. This argues against an age deficit in one of the two inhibitory mechanisms assumed by Hasher and Zacks (1988) to control the contents of working memory (i.e., the suppression of previously relevant information). A recent study comparing the Ranschburg effect across children aged 7, 9, and 11 years by McCormack, Brown, Vousden, and Henson (Experiment 3; found no developmental increase in repetition inhibition, despite substantial improvements in overall recall. Thus, it appears that response suppression neither increases during development, nor decreases with aging, contrary to predictions based on the rise and fall of inhibitory mechanisms across the lifespan (e.g., Dempster, 1992) . These studies together suggest that postoutput response suppression is a relatively automatic process (cf. Henson, 1998a ) that is age invariant.
The present findings are consistent with a recent study of aging and the retrieval of orthographic information by MacKay, Abrams, and Pedroza (1999) . Correctly and incorrectly spelled words were presented to young and older participants who were required to write down each word exactly as they had seen it. Consistent with MacKay's (1969) proposal of a self-inhibition process analogous to response suppression, there was a repetition deficit such that repeated-letter misspellings (e.g., elderdly) were recalled less successfully than unrepeated misspellings (e.g., elderkly). (Repeated 9 It should be acknowledged that there was probably less power to detect age interactions for position-given-item scoring than for item scoring because of the use of ratios, which also led to the loss of participants with missing data. letters occurred at Separations 2-4.) Importantly, this repetition deficit was not reduced by aging, again contrary to the reduced inhibition hypothesis.
As mentioned in the introduction section, the Ranschburg effect is distinct from repetition blindness, that is, the reduced probability of detecting a repeated item in a rapidly presented list of items (e.g., Kanwisher, 1987; Kanwisher et al., 1996) . MacKay, Miller, and Schuster (1994) observed a significant increase in repetition blindness with aging (analogous to the present age increase in the Ranschburg effect), which they attributed to a binding deficit whereby a "second connection from the single node for encoding a repeated word is difficult to form under time pressure" (p. 251). However, iris important to emphasize that whereas repetition blindness is attributable to a perceptual deficit at input because of limited encoding time (100 ms per item is typical in rapid serial visual presentation tasks), the Ranschburg effect is an output phenomenon attributable to postoutput response suppression. Thus, Henson (1998a) observed repetition inhibition with items presented every 500 ms and with participants required to vocalize each item as it was presented. Although the present participants did not vocalize the items, an even lower rate of presentation was used (one item per second) to ensure that participants were able to encode the items correctly. The response suppression account of the Ranschburg effect therefore assumes that repeated elements are perceived and encoded into short-term memory normally, and that repetition inhibition is the default consequence of an automatic output effect during serial recall, which can be overcome when participants explicitly detect that an item was repeated and remember that item come its time of recall (Henson, 1998a) .
A phenomenon more closely analogous to postoutput response suppression in serial recall is that of inhibition of return (IOR) in the visual attention literature (e.g., Maylor, 1985; Posner & Cohen, 1984; Taylor & Klein, 1998) . IOR refers to the slowing of responses to targets when they appear at locations to which attention has recently been directed in comparison with responses to targets at new locations. As argued by Houghton and Hartley (1995) , both mechanisms reflect a strong preference in serial behavior for successive actions to be different from each other--hence, perseverations must be avoided. Like response suppression in serial recall, IOR is short lived and wears off after 2 or 3 s or intervening items (Maylor & Hockey, 1985 . Also like response suppression, IOR is unimpaired by normal aging (Faust & Balota, 1997; A. A. Hartley & Kieley, 1995) , suggesting that both inhibitory mechanisms are applied relatively automatically.
The evidence for an age-related decline in other inhibitionrelated phenomena is mixed. Some studies show greater proactive interference with aging for example (e.g., Kliegl & Lindenberger, 1993; Schonfield & Davidson, 1983) , whereas other studies show no age-related increase (e.g., Elias & Hirasuna, 1976; Lorsbach, 1990) . In contrast, the more intentional inhibition required in other situations, where participants are instructed to actively ignore or inhibit certain stimuli, show stronger evidence for an age effect. Negative priming and directed forgetting paradigms, for example, both show age-related reductions in inhibition (see Verhaeghen & De Meersman, 1998 , for a summary of negative priming studies; see Zacks, Radvansky, & Hasher, 1996 , for evidence on directed forgetting). Such diverse findings suggest that Hasher and Zacks's (1988) original proposal that inhibition deficits due to aging are distributed across the cognitive system, affecting all levels of information processing, is too broad and that some inhibitory mechanisms are spared by normal aging (for other examples and further discussion, see Burke, 1997, on language, and McDowd, 1997, on attention) .
